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This effort, part of an ongoing program examining the 
micros tructural and mechanical properties of extensively 
warm-worked ultra high carbon (UHC) steels, was directed at 
measurement of the fracture toughness of these steels. A 
facility was constructed to test bend-type fracture toughness 
specimens in accordance with the American Society for Testing 
and Materials (ASTM) Standard E399-78; several UHC steel 
alloys were evaluated and the results correlated with micro- 
structural and other mechanical test results . With one 
exception, processing failed to eliminate coarse carbides 
from the microstructures of these materials and fracture 
toughness, K T( -, , values were accordingly low. A commercial 
alloy, AISI 52100, processed similarly to the other experi- 
mental alleys, did not have the coarse carbides present to 
as great an extent, and was significantly tougher, as mani- 
fested by a strength ratio twice that of the other alloys. 
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I . INTRODUCTION 



A. PURPOSE 

The purpose of this research was to determine the fracture 
toughness of extensively warm-worked ultra high carbon (UHC) 
steels. This effort was part of ongoing research at the Naval 
Postgraduate School (NPS) into the mechanical and ballistic 
properties of these steels. This work follows that of Goesling 
[Ref. 1], Hamilton and Rowe [Ref. 2] and Martin and Phillips 
[Ref. 3], who emphasized the ballistic characteristics of these 
materials. One major goal of this work was to develop the 
capability at NPS to conduct facture toughness testing in 
accordance with American Society for Testing and Materials (ASTM) 
Standard E399-78, contained in Ref. 4. Various thermomechanically 
processed UHC steel alloys were examined to evaluate alloying 
and processing effects on these materials' resistance to un- 
stable crack propagation. 

The ultimate goal of the NPS research effort is to under- 
stand the micros tructural , mechanical, processing and compo- 
sitional variables which govern the toughness of these UHC steels. 
It is believed that this understanding will assist in the 
eventual use of UHC steel in important applications such as 
armor in military vehicles and as improved bearing material. 
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B . BACKGROUND 



UHC steels are normally classified as those steels whose 
carbon content ranges between one and two weight percent. 

Higher carbon contents improve both the hardenabili ty and the 
maximum attainable hardness of steels, but at the price of 
increased brittleness. Such brittleness may result from the 
formation of iron carbide at the grain boundaries when the 
steel is slow-cooled from the austenite range. These carbides 
are brittle and provide a preferred path for crack propagation 
through the material. The nature of UHC steels has resulted 
in their limited use in industry, primarily in applications 
requiring high hardness and wear resistance. UHC steels may 
be hardened by quenching from austenite, resulting in the 
formation of martensite, a body centered tetragonal crystal 
structure which is very hard due to the high carbon content, 
but, again, is relatively brittle. Subsequent tempering is 
normally required to enhance toughness and relieve residual 
stresses in this material. Several commercial tool steels 
have carbon contents in the ultra high carbon range. These 
materials are frequently alloyed in such a way that it is 
often difficult to adequately dissolve all of the carbon 
during the austenitizing of the steel. Subsequent quenching 
then retains some relatively coarse, undissolved carbides, 
leading, again, to reduced ductility and toughness. 

The NPS research effort is an outgrowth of a discovery 
by Professor Oleg D. Sherby, of Stanford University's Department 
of Material Science and Engineering, that, by extensively 
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rolling UHC steels as they are cooled through the austenite 
plus carbide region of the phase diagram, it is possible to 
break up the grain boundary carbide network [Refs. 2 and 3]. 
Isothermal warm-working of these UHC steels at temperatures 
just below the eutectoid temperature can result in a fine, 
particulate and spheroidal carbide distribution in a fine- 
grained ferrite matrix [Refs. 1 and 7]. This micro structure 
results in a steel with both high strength and improved ductil- 
ity. These steels also exhibit superplasticity at temperatures 
slightly below the eutectoid, which means they can be readily 
formed into complex shapes at these temperatures. When these 
steels are subsequently austenitized at a temperature slightly 
above the eutectoid and then quenched, a fine grained martensite 
and fine spheroidal carbide two-phased microstructure results 
[Ref. 5]. This microstructure suggests a material which has 
a high resistance to unstable crack propagation which, combined 
with its high strength, makes it an attractive material for 
numerous applications requiring these attributes. 



C. PREVIOUS RESEARCH 

The NPS research effort into UHC steels was started by 
Lieutenant Commander William Goesling under the guidance of 
Professor Terry R. McNelley. The interest in these steels was 
centered on their potential use as an armor material, where 
hardness and toughness are the prime requirements . This initial 
effort resulted in the fabrication of the NPS Ballistic Test 
Facility and the establishment of procedures for data collection. 
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The initial test results indicated that 52100 steel (a one 
percent carbon steel commonly used as a bearing material) , 
processed following the Sherby method, compared favorably with 
existing armors [Ref. 1]. 

Ballistic examination of the 52100 steel was continued by 
Lieutenant Commander Donald Rowe and Captain Douglas Hamilton 
who examined the effects of heat treatment on this material's 
ballistic performance. They determined that austenitizing, 
quenching and tempering this steel significantly reduced its 
ballistic performance. Microstructural examination determined 
that there was considerable grain growth during austenitizing 
and that the subsequent quench produced a relatively coarse 
martensite which was less resistant to penetration by relatively 
soft fragment simulating projectiles than the same steel in the 
rolled condition [Ref. 2]. 

The scope of the research effort was broadened by Lieutenant 
Ronald Martin and Lieutenant James Phillips who commenced 
studies on a 1.67% carbon steel while continuing the study of 
52100 steel. Special attention was given to the metallographic 
characterization of these steels after they were penetrated by 
.22 caliber, 17-grain fragment simulating projectiles. Both 
materials were subjected to various rolling conditions and the 
52100 steel was given several subsequent annealing treatments 
to determine the effects of these processes on resistance to 
penetration. It was determined that "warm-worked UHC steels 
have a lesser tendency to form adiabatic shear bands than 
several conventional steel armors." These adiabatic shear 
bands are associated with reduced ballistic penetration resistance. 
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Warm-worked 52100 steel's ballistic performance was found 
superior to conventional armors [Ref. 3] . 

Ballistic research has continued with the efforts of 
Lieutenant Commander Randy Hillier who has further expanded 
the effort to include various new UHC steel alloys. The 
effects of chromium and nickel alloying on ballistic perfor- 
mance were examined. A 1.5% plain carbon steel was also 
tested. None of these materials, however, has yet demonstrated 
ballistic performance as good as the 52100 steel [Ref. 8]. 
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II. REVIEW 



A. FRACTURE TOUGHNESS THEORY 

A. A. Griffith, in 1920, proposed that unstable crack 
propagation would take place if the elastic strain energy 
release rate exceeded the energy required to form the new 
crack surface [Ref. 9]. In studies with glass, Griffith 
demonstrated a functional relationship between failure 
stress and crack length. The theory worked well when applied 
to materials which behaved in a purely elastic manner but 
the problem became much more difficult when it was necessary 
to evaluate the energies involved in the process of crack 
propagation when plastic deformation took place before crack 
extension occurred. This focused the attention of researchers 
"toward crack tip characterizing parameters as measurers of 
the susceptibility of materials to fracture" [Ref. 10]. The 
original work of Griffith [Ref. 9], however, still represents 
the basis for the field of linear elastic fracture mechanics 
(LEFM) . 

In 1948, Irwin proposed [Ref. 11] that the Griffith energy 
balance must actually be between the elastic strain energy 
stored in the specimen on one hand and the free surface energy 
plus the work done in plastic deformation associated with 
crack propagation on the other hand. For relatively ductile 
materials, the work of plastic deformation would dominate the 
free-surface energy and make it insignificant. 
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In 1955, Orowan demonstrated [Ref. 12] that the Griffith 
condition, when modified for plastic deformation, was not 
only a necessary condition but was a sufficient condition 
for crack propagation. In 1957, Irwin demonstrated [Ref. 13] 
that the energy approach was equivalent to a stress-intensity 
approach, where crack propagation occurred when the stress 
intensity at the crack tip reached a critical value charac- 
teristic of the material. This concept spurred efforts to 
develop a test specimen and procedure suitable for measuring 
the plane strain fracture toughness of materials. The theory 
was limited to those materials which have limited plastic 
deformation around the crack tip. "If extensive plastic defor- 
mation takes place prior to failure, the relationship between 
an energy balance approach and a crack tip environment approach 
becomes much more tenuous" [Ref. 10]. Tests on numerous 
specimens of varying size and material demonstrated that the 
stress intensity at the crack tip was strongly dependent on 
the plate thickness until a certain minimum thickness was 
reached. This minimum thickness was a function of the 
material. Only after this thickness was exceeded did the 
test results give a constant stress intensity, indicating 
that this stress intensity value could be considered a 
material property. 

The thickness effect on crack propagation was explained 
by the observation that plastic regions at the crack tip near 
the surface of the material approach a condition of plane 
stress, while the plastic regions at the crack tip remote 
from the surface are in a condition of plane strain. "When 
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thickness is sufficient, the fracture behavior will be domi- 
nated by the region of constrained plastic deformation, a 
characteristic flat fracture will occur, and conditions are 
described as plane strain. [Ref. 14]. It was observed by 
Liu [Ref. 15] that the fracture behavior is controlled by the 
mechanical environment in the immediate vicinity of the crack 
tip and not by the elastic stresses and strains outside the 
plastic zone. 

Within a certain radius the stress intensity 
factor characterizes the stress field and, 
provided the plastic zone is sufficiently small 
compared to this radius, the elastic field will 
be unaffected by plastic relaxation. Thus, for 
two different situations, say two different 
geometries, where the same stress intensity 
factor is applied, conditions of stress, strain, 
etc., at geometrically similar points will be 
identical even within the plastic zone, provided 
these zones are much smaller than the radius at 
which conditions may be considered as specified 
by the stress intensity factor. Under these 
restrictions the fracture event will be charac- 
terized by the attainment of K IC , the critical 
value of stress intensity [Ref. 14]. 

Stress intensity factors have been determined for many 
geometries and loading conditions through the use of a number 
of numerical and analytical techniques. These results can be 
applied to laboratory tests to investigate fracture toughness. 
The determination of K I( _, through testing can then be used in 
the design of real structures and in predicting the fracture 
behavior of real structures. 

The LEFM approach is severely limited in that only a few 
materials exhibit the small amount of plastic deformation 
prior to failure required by the approach. It was anticipated 
that, because of the high strength of UHC steels, these steels 
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might be suitable for fracture toughness testing using LEFM . 
Alternate methods have been developed for materials exhibit- 
ing elastic-plastic behavior whereby the plastic region around 
the crack tip is more extensive. Research into these methods 
is continuing and presently two approaches, the Crack Opening 
Displacement (COD) Approach and the J-Integral Approach, show 
the most promise [Refs. 16 and 17]. The COD approach attempts 
to deal with the plastic deformation by making a correction to 
the crack length by measuring the displacement across the face 
of the crack. There is still much uncertainty in this approach 
but it provides the best present alternative for testing when 
materials do not exhibit LEFM behavior. The J-Integral Approach 
uses J as a crack tip parameter in nonlinear elasticity, but 
it is not yet clear if it can be used under conditions of plas- 
ticity. It is calculated in much the same manner as COD except 
the area under the load-displacement curve is evaluated. 



3. MATERIAL HISTORY 

The various UHC steel alloys tested for this research were 
received from the Research Laboratory of Republic Steel 
Corporation where they had been cast in the form of cylindrical 
ingots approximately 7.6 cm diameter by 23 cm length. In this 
section the thermcmechanical processing history of each alloy 
will be recalled. Table I provides the alloy content of these 
steels. The processing described below was accomplished at 
Viking Metallurgical Corporation in Albany, California. 



19 



Table I 



ALLOY COMPOSITIONS 



52150-1 and 52150-2 



C Si 

wt % wt % 


Cr 

wt % 


Mn P A1 Cu 

wt % wt % wt % wt % 


Mo 

Wt fa 


Ni 

wt fo 


Fe 

wt fo 


1.47 0.1 


1.28 


0.66 0.013 0.015 0.02 


0.01 


0.04 


Balance 


53150 












C Si 

vrb % wt % 


Cr 

wt % 


Mn Fe 

wt % wt % 








1.5 0.1 


2.25 


0 • 5 Balance 








10150 












C Si 

wt % wt % 


Mn 

wt % 


Fe 

wt % 








1.5 0.1 


0.5 


Balance 








43150 












C Si 

Wt fo wt fo 


r-r 

wt fo 


Mn Mo Ni Fe 

wt % wt fa wt % wt % 








1.5 0.1 


1.0 


0.5 0.25 1.5 3alance 








52100 












C Si 

wt % wt % 


Cr 

WT fo 


Mn Fe 

wt % wt % 








1.0 0.19 


1.35 


0 . 32 Balance 








NOTE: Weight 


percents represent maximum 


amounts presented 
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The materials denoted 52150, batches one and two, were 
solution treated at 1150°C for five hours. They were then 
upset forged at 1150°C from a cylindrical ingot 7.6 cm diameter 
x 23 cm to a billet approximately 12.7 cm x 7.6 cm x length. 

The specimen was immediately rolled at approximately 0.09 cm 
reduction per pass from a thickness of 7.6 cm to a thickness 
of 2.5 cm as temperature cooled from the forging finishing 
temperature to 650°C. The specimens were then isothermally 
rolled at 650°C to a thickness of approximately 0.64 cm at 
0.08 cm reduction per pass. 

The material denoted 53150 was solution treated at 1175°C 
for eight hours. It was then upset forged at 1175°C from a 
cylindrical ingot 7 . 6 cm diameter x 23 cm to a billet approxi- 
mately 12.7 cm x 7.6 cm x length. The specimen was then 
reheated to 117 5°C for about two hours. Starting at 117 5°C, 
the specimen was rolled from a thickness of 7.6 cm to a 
thickness of 2.5 cm at a reduction rate of 0.09 cm per pass 
while temperature dropped to 650°C. The specimen was then 
isothermally rolled at 650 c C from a thickness of 2.5 cm to 
a thickness of approximately 0.64 cm at 0.08 cm reduction per 
pass . 

The materials denoted 43150 and 10150 were processed 
identically to 53150. The 52100 steel, a commercial steel 
obtained from Vasco Pacific Steel Company, was solution 
treated at 1000°C for three hours. The specimen was forged 
from a 7.9 cm diameter round to a 7.6 cm x 5.1 cm x length 
plate and air cooled to a temperature below 300°C. The 
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specimen was then reheated to 650°C and isothermally rolled 
from a thickness of 5.1 cm to a thickness of 0.64 cm at a 
reduction rate of 0.13 cm per pass. 

Fracture toughness, tensile and Charpy specimens were 
cut to specifications shown in Fig. 1 from the various alloys 
upon their receipt at NPS. Several of the fracture toughness 
specimens from the 53150 and 10150 alloys were subsequently 
annealed at 650°C and air cooled to room temperature at NPS. 
Testing after such annealing was conducted to determine the 
influence of this heat treatment on fracture toughness. 



C . EXPERIMENTAL PROCEDURES 

1 . Mechanical Testing Procedures 

Sheet type tensile test specimens were machined from 
the 52150-1, 52150-2, 53150 and 43150 UHC steels in the as- 
rolled condition. One specimen was cut in the transverse 
direction (transverse to the rolling direction) from each of 
the above steels to the specifications given in Fig. l.C. 

Gage lengths for all tensile test specimens were one inch. 
Tensile tests were conducted on an Instron Model TT-D Universal 
Testing Instrument utilizing wedge action grips to eliminate 
nonaxial loading of the specimen. Load-versus-elongation 
curves were autographically recorded while the specimens were 
loaded to failure at an extension rate of 0.13 cm per minute. 
The data obtained from these tests were subsequently converted 
to engineering stress versus engineering plastic strain to 
determine the yield stress and ultimate tensile stress. 
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TEST SPECIMEN SPECIFICATION 
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Fig. l.Test specimen specifications. These drawings depict the dimensions of the UHG 

steel specimens used in fracture toughness (a), impact (b) and tensile (c) tests. 



Hardness testing was conducted on the fracture 
toughness specimens using a Wilson Model 1 JR Rockwell 
Hardness Tester . Hardness results were determined by dis- 
regarding the first value and averaging a minimum of six 
subsequent test values obtained on a machined surface. 

Mo tched-bar impact testing was conducted utilizing the Charpy 
method on specimens as depicted in Fig. l.B. to determine 
the amount of energy absorbed when a notched specimen was 
broken. All alloys except 10150 UHC steel were tested at 
room temperature and 52150 UHC steel was also tested at 
100°C and 220°C. 

2 . Fracture Toughness Testing Procedures 

Fracture toughness testing on a three-point bend speci- 
men was conducted following the procedures outlined in ASTM 
E399-78, Standard Test Method for Plane Strain Fracture 
Toughness of Metallic Materials [Ref. 4]. The tests were con- 
ducted on a Series 810 Materials Test System (MTS) Model 
976.01-31 servo-hydraulic test machine pictured in Fig. 2. 

The test specimen in Fig. l.A was positioned on the loading 
apparatus described in Fig. 3. One of the goals of this 
effort was to design a test fixture which would minimize the 
errors arising from friction between the test specimen and 
the loading apparatus. This was accomplished by using 0.32 cm 
diameter hardened steel dowel pins as rollers which fitted into 
the two notches on the specimen bottom face and provided rolling 
contact with the bottom loading fixture. The top loading 
fixture contained a 0.48 cm radius hardened steel pin welded 
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Fig. 2: Series 310 Materials Testing System and associated 
loading apparatus. Fracture toughness specimen is 
mounted with clip gage monitoring crack opening 
displacement . 
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Fig. 3^ Top (l) and bottom (ll) mounting assemblies for three 
point bend fracture toughness specimen. Assembly 
manufactured from a medium strength steel. 
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to the upper fixture, which provided a point loading effect 
on a line directly above the specimen slot. Careful attention 
was given to machining of the loading fixture to insure that 
good alignment could be achieved during tests. 

An MTS Model 632. 20B extensometer was used as the 
displacement gage for accurately measuring the relative dis- 
placement of the two gage positions spanning the slot. A pair 
of accurately machined knife edges were bonded to the specimen 
with 3M strain gage epoxy and the displacement gage was clipped 
to these edges to monitor crack opening displacement. Since 
gage lengths were maintained below one half of the specimen 
width, displacements were essentially independent of gage 
length. The displacement gage was calibrated by MTS Corporation 
in March, 1979, and a range card was also provided by MTS to 
provide comparability between the gage and the model 440.21 
Transducer Signal Conditioner. The gage provides a linear 
voltage output over a 0.254 cm range of displacement. 

In order to insure the state of stress at the crack 
front approached the maximum values represented by tritensile 
plane strain conditions, a fatigue precrack was induced in the 
specimen through cyclic loading. A sine wave compressive load 
was generated by the function generator under load control, 
utilizing the same fixtures used in the fracture toughness 
test. The ASTM Standard requires that the slot plus pre- 
crack measure between 0.45 and 0.55 W (W is the specimen width, 
Fig. l.A) . Initial attempts were made to monitor the develop- 
ment of the precrack using a photoelastic device but this 
proved unsuccessful. It was determined that the precrack 
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advance could be monitored with acceptable results by fatigue 
cracking one specimen to failure while observing the COD gage 
output. Subsequent examination of the failed surface provided 
data which, when combined with the output record of the COD 
gage, could be used to monitor the precrack advance on other 
specimens of the same material. 

One of the most difficult standard limits to achieve 
was that the maximum fatigue stress intensity, K^(max) , during 
the final stage of fatigue precracking, for at least the 
terminal 2.5% of the overall crack plus slot length, must not 
exceed 60% of the apparent fracture toughness of the material. 
Since the apparent fracture toughness was not known until 
after the fatigue loading was completed and subsequent fracture 
toughness testing accomplished, a number of tes±s conducted 
proved to be invalid because this criterion was exceeded. It 
was necessary to test several specimens of each material by 
loading to failure, after inducing a precrack, to determine 
the failure load range which was then used to determine the 
maximum loading for fatigue precracking of subsequent speci- 
mens. It was usually necessary to use a fairly large maximum 
load during initial fatigue precracking to get the crack 
started and then reduce this maximum load during the terminal 
stages of precracking to comply with the standard. The stress- 
intensity range was kept near the 90% of K^(max.) recommended 
by the standard. 

The standard requires that, for test results to be 
valid, the specimen thickness, B, and crack length, a, exceed 
2.5(K Ir /c YS ) . For these tests, specimen thickness was dictated 
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by the requirements of the Army Ballistics Research Laboratory 
at Aberdeen, Maryland, which was funding the material acquisi- 
tion. As a result, it was not certain that the above criteria 
for 3 would be met and, in any case, the minimum value of B 
could not be ascertained until values were obtained from 
test results and used to determine B. is the measured value 

of stress intensity factor at which crack propagation occurs. 

If all the other standard requirements are met, and B and a 
values then exceed the above ratio using Kg for K IC , then Kq 
is considered to be equal to K IC . 

The crack length was controlled by the fatigue precrack- 
ing as described above. The first specimen design used had a 
square notch cut, but this proved unreliable for developing 
precracks. The second design utilized- a 90° chevron notch in 
a slot as shown in Fig. l.A. The standard recommends a notch 
root radius of 0.025 cm to facilitate fatigue precracking at 
a low level of stress intensity. The facilities were not 
available to provide this radius and so a hardened razor 
blade was used to cut the tip of the chevron notch with 
excellent results. Good control of fatigue precrack start 
and propagation was maintained with this design. Once the 
fatigue precrack was developed, the fatigue toughness test 
was conducted by loading the specimen to failure using an 
inverted ramp signal from the function generator under load 

control. Loading rates were maintained to keep the stress 

1/2 

intensity between 0.55 and 2.75 MPa*m /sec as required by 
the standard. A Hewlett-Packard plotter was used to provide 
a graphic record of load-sensing transducer output versus 
the output of the displacement gage. 



3 . Microscopy Procedures 



Samples were sectioned from specimens of each of the 
alloys tested. The sectioned surface of each sample was 
sanded flat and polished using alumina micropolish. Each 
sample was ul trasonically cleaned and the polished surface 
was immersed in a saturated picral etchant solution. Immer- 
sion times varied from 20 seconds to one minute, with best 
results obtained in the 20-30 second range. 

Each sample was examined at 400X on a 3ausch and Lomb 
3alplan microscope and photographs taken of the etched surface. 
The 53150, 52100 and 10150 UHC steels were examined using a 
Cambridge Scientific Instruments Limited S4-10 Stereoscan 
Scanning Electron Microscope (SEM) and photographs were taken 
of the etched surface of each- of these alloys at 6000X and 
11000X. Photographs were also taken of the fracture surface 
of the 52150 UHC steel at 500X, 1500X and 2500X using the SEM. 
Samples of the 10150 UHC steel taken before and after a one- 
hour anneal at 650°C were examined and photographed using a 
Phillips EM 201 Transmission Electron Microscope (TEM) at 
200 00X to investigate and record dislocation densities, grain 
sizes and carbide particle distribution. This work was 
accomplished by Visiting Professor T. Yamashita of the Japan 
National Defense Academy, Yokosuka, Japan. 
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III. RESULTS/DISCUSSION 



A. MICROSTRUCTURAL ANALYSIS 

All alloys tested were processed using the Sherby Process 
in order to achieve a refined microstructure of spheroidized 
carbides in a ferrite matrix. The ferrite grain size is a 
function of alloying content as well as degree of warm rolling; 
chromium, in particular, tends to stabilize the spheroidal 
carbide particle size and thus help to restrict the degree of 
ferrite grain growth. 

1 . Light Microscope 

Figures 4-8 illustrate the microstructure of 52150, 
53150, 43150, 10150, and 52100 UHC steels, respectively. The 
52150, 53150 and 52100 UHC steels were etched using a saturated 
picral etchant solution while 43150 and 10150 UHC steels were 
etched with a 2% nital etchant solution. Examination of micro- 
graphs reveals a very similar microstructure in all the steels 
with the exception of the 10150 UHC steel. The others all 
have some relatively coarse carbides, aligned in the rolling 
direction, mixed with very fine spheroidal carbides in a 
ferrite matrix. The 52100 UHC steel (Fig. 8) appears to have 
a lesser percentage of the coarse carbides than the other 
three steels but some very large carbides in long strings are 
evident in the material. 
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Fig. 4. Micrograph of 52150 UHC steel etched in a saturated 
picral solution for one minute. Microstructure 
consists of coarse carbides mixed with fine carbides 
in a ferrite matrix. 400X 




Fig. 5. Micrographs of 53150 UHC steel etched in a saturated 
picral solution for 30 seconds. Microstructure 
consists of coarse carbides mixed with fine carbides 
in a ferrite matrix. 400X 
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Fig. 6. Micrograph of a 43150 UHC steel etched in a 2% nital 
solution for 20 seconds . Microstructure consists of 
coarse carbides mixed with fine carbides in a ferrite 
matrix. 400X 
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Fig. 7. Micrograph of a 10150 UHC steel etched in a 2% nital 
solution for 20 seconds. Microstructure consists of 
spheroidal carbides of fairly uniform size in a 
ferrite matrix. 400X 
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Fig. 3. Micrographs of 52100 UHC steel etched in a saturated 
picral solution for 25 seconds. Microstructure 
consists of coarse carbides mixed with fine carbides 
in a ferrite matrix. 400X 
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Fig. 9. Micrographs of a 10150 UHC steel etched in a 2% nital 
solution for 20 seconds. Many spheroidal carbides in 
the one micron diameter region are evident. 1100 OX 




Fig. 10. Micrographs of a 52100 UHC steel etched with a 
saturated picral solution for 25 seconds. 

Spheroidal carbides are very fine with none visible 
over one half micron diameter. 11000X 
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Fig. 11. Micrograph of 52150 UHC steel etched in a saturated 
picral solution for 25 seconds. Most spheroidal 
carbides are less than one half micron diameter 
with some large carbides over four microns across. 
13000X 




Fig. 12. Micrograph of 52150 UHC steel etched in a saturated 
picral solution for 25 seconds. This region has very 
coarse carbides aligned in the rolling direction. 2550X 
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Fig. 13. Micrograph of fracture surface of 52150 UHC steel 
fractured at room temperature in a Charpy Impact 
Test. Surface condition indicates a cleavage 
fracture mode. 150 OX 




Fig. 14. Micrograph of fracture surface of 52150 UHC steel 
fractured at 100°C in a Charpy Impact Test. 
Surface condition indicates a cleavage fracture 
mode. 1280X 
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a specimen fractured at 220°C, which is near the maximum 
temperature usable for this test. Elevating temperature did 
not bring about the anticipated transition to a more ductile 
failure mechanism for samples failing under a high strain-rate 
loading. A surprising observation from these fracture 
surfaces (and also Ref. 8) was that coarse carbides did not 
appear to provide the route chosen by the crack for propagation, 
although such carbides generally do provide the route in a high 
carbon steel because of their brittle nature. 

3 . Macro Examination 

Figure 16 is an example of the fatigue crack appearance 
on a fracture toughness specimen. The crack has propagated 
from the chevron notch into the material. Final failure 
occurred by unstable crack propagation from the fatigue pre- 
crack during a slow, continuous load increase to failure. The 
fracture surface is very flat with little evidence of shear 
lips. This fatigue crack front would invalidate the fracture 
toughness test as it has too much of a clamshell shape rather 
than the straight crack front required by Ref. 4. 

4 . TEM 

Figure 17 is a TEM micrograph of 10150 UHC steel at 
10000X . It is evident that there is a finer spheroidal 
carbide microstructure than was observed in Fig. 7. The 
carbides visible are less than one micron in diameter and 
this is consistent with the results of the Sherby Process 
for the other steels examined. Figure 18 is a TEM micrograph 
of the same steel at 20000X. The dark lines visible repre- 
sent pilled up dislocations and the high density of those 
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Fig. 15. Micrograph of 52150 UHC steel fractured at 220°C 

in a Charpy Impact Test. Surface conditions indi- 
cate a cleavage fracture mode. 1200X 




Fig. 16. Micrograph of 52150 UHC steel fractured in a fracture 
toughness test. A clamshell shaped fatigue crack 
front has propagated from the chevron notch. Fracture 
surface is very flat. 20X 
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Fig. 17. Micrograph of 10150 UHC steel as rolled taken at 
a 6° tilt angle with a TEM. Spheroidal carbides 
are visible as dark balls in the lighter ferrite 
matrix. 10000X 
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Fig. 18. Micrograph of 10150 UHC steel taken with TEM at 

20000X. Subgrain boundaries are clearly visible. 
Black lines represent a high density of disloca- 
tions in the microstructure. 
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lines in this picture is indicative of the large amount of 
working the material has undergone. This dislocation density 
may help explain the poor toughness exhibited by this material 
considering its low relative strength, as it is already highly 
work hardened. Figure 19 is a micrograph of a selected-area 
diffraction pattern for the 10150 UHC steel. While this 
pattern is not indexed with the area in Fig. 18, it is taken 
from that region and the aperature of five microns indicates 
that grain size is in excess of this value, since there is no 
superposition on the diffraction pattern. This indicates that 
the ferrite grains are larger than was anticipated after being 
worked by the Sherby Process and that the boundaries visible 
in Fig. 13 represent a subgrain structure. The carbides did 
not act as effectively as -hoped as pinning agents to produce 
a fine ferrite grain size. 

Figure 20 is a TEM micrograph of the 10150 UHC steel 
after a one-hour anneal at 650°C, followed by an air cool to 
room temperature. The dislocation density is reduced in this 
structure over that observed in the as-rolled condition. Webs 
of dislocations are still visible, however, at some of the 
subgrain boundaries of the structure. 

3. MECHANICAL TESTING RESULTS 

The tensile, hardness and impact properties of the UHC 
steel alloys are a result of both alloying content and amount 
of rolling deformation accomplished. Since the same processing 
was accomplished on all the steel alloys, the difference in 
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Fig. 19. Micrograph of 10150 UHC steel taken with TEM. 

This one second exposure clearly shows the 
defraction pattern of the crystal structure. 
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Fig. 20. Micrograph of 10150 UHC steel annealed at 650°C 
taken with TEM. Dislocation density is reduced 
from that noted in Fig. 18. 20000X 
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these properties for the materials tested is more a function 
of alloying. In the case of two of the steels, 53150 and 
10150, a one-hour anneal at 650°C was utilized and its 
effect also examined. 

1 . 52150-1 UHC Steel as Rolled 

This material had a yield strength of 951.4 MPa, an 
ultimate tensile strength of 1063.9 MPa and an elongation 
to fracture of 10.3%. The hardness in the as-rolled condi- 
tion was R^ 33.0. The material had very low energy absorption, 
2.4 joules, on the Charpy V-Notch Impact Test and broke in a 
brittle mode (Fig. 13) . 

2 . 52150-2 UHC Steel as Rolled 

This second heat of the 52150 material had slightly 
higher yield strength at 972.1 MPa and an ultimate tensile 
strength of 1078.9 MPa, but reduced ductility (7.6% elongation 
to fracture) . The hardness was R c 35.0 but the impact ab- 
sorption energy was only 0.7 joules and the surface appearance 
indicated a brittle fracture mode. 

3 • 53150 UHC Steel as Rolled 

The tensile strength of this higher chromium alloy was 
up, with a yield strength of 1041.0 MPa and an ultimate 
tensile strength of 1184.4 MPa. Ductility was again low with 
7.1% elongation to fracture. Hardness was R c 36.0. This 
material also had a very low impact energy absorption, 1.4 
joules. Tensile properties were not determined on the 53150 
UHC steel annealed at 650°C for one hour, but hardness 
remained unchanged. 
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4 . 43150 UHC Steel as Rolled 

This material exhibited the highest yield strength 

of those steels tested, with a yield strength of 1067.2 MPa, 

and had an ultimate tensile strength of 1104.7 MPa. Ductility 

was a disappointing 3.0% elongation to fracture. This material 

also exhibited the highest as-rolled hardness at R 39.5. 

c 

Impact absorption energy was slightly improved at 3.1 joules 
but was still well below expected performance on the Charpy 
Impact Test. 

5 . 10150 UHC Steel as Rolled 

Tensile data was not obtained on this material due to 
the unavailability of tensile samples but hardness was de- 
termined for the material as rolled and after a one-hour 
anneal at 650°C with a subsequent air cool to room temperature. 
Hardness dropped from R^ 21.5 for the as-rolled material to 

R 19.5 after the anneal, 
c 

6 . 52100 UHC Steel as Rolled 

This material had the lowest strength, with the excep- 
tion of the 10150 UHC steel which was not checked. Yield 
strength was 861.0 MPa and ultimate tensile strength was 
956.9 MPa. The material had good ductility, with 16.5% 
elongation to fracture. Hardness was good for this lower 
strength steel at R c 36.0. This steel was by far the best 
cerformer on the Charpy Impact Test with an impact absorption 
energy of 19.0 joules. 

Table II provides a summary of the mechanical testing 
results. The results were unusual in that ductility was lower 
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PROPERTIUS OF TESTED ULTRA - !! TGII CARBON STEEL ALLOYS 
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(1) Elongation by .2% offset method 

(2) Tensile test not conducted on 10150. UTS approximate from hardness. 



than expected for the 52150-2, 53150 and 43150 UHC steels 
and the impact absorption energy was very poor for all the 
steels tested except 52100 UHC steel. Since the impact 
energy absorption is the property most closely associated 
with toughness among those properties examined, this result 
was not promising as a predictive measure of the steels' 
fracture toughness. 

C. FRACTURE TOUGHNESS TESTING RESULTS 

One of the major goals of this research effort was the 
measurement of the fracture toughness, i.e. resistance to 
unstable crack propagation, of the materials examined. The 
procedures for conducting this test have already been 
described and the following is an outline of how the test 
results were calculated and interpreted. This is followed 
by a description of the results for each material examined. 

Once a fracture toughness test has been conducted, the 
results must be examined against a set of criteria set forth 
in Ref. 4 to determine if a valid has been determined. 

At least three valid tests should be conducted for each 
material and the results averaged. Some of the criteria 
were described in the fracture toughness testing procedure 
section and the remainder are outlined below. A tangent 
line was drawn to the initial part of the graphic record of 
each test conducted. A secant line with a slope equal to 
95% of the tangent line was then constructed and the highest 
load up to the point of intersection of this line with the 
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load displacement curve was defined as P^. The ratio of 

? /P^ was then calculated and if this exceeded 1.10 the 

max y 

test was invalid. 

The fracture surface of the specimen was examined and 
the fatigue precrack length was measured. In order for the 
test to be valid, the precrack length at the center of the 
crack front and at the midpoint between the center and each 
side of the crack front must have been within 5% of the 
average of these three values. No part of the crack front 
could be closer to the machined notch root than 5% of the 
average crack length, or 0.13 cm, and the length of either 
surface trace of the crack had to be more than 90% of the 
average crack length. The crack plane had to be parallel 
to both the specimen width and thickness directions within 
+10 degrees. 

When the above criteria were all met, a conditional 
result was calculated as follows 



X Q 



(V s ) 

(3 -W 3 / 2 ) 




( 1 ) 



wnere 



f (§) 



3<|> 



1/2 



[1.99 - <|) (1 -|) (2.5-14^. + ^-)] 



2 ( 1 + — ) ( 1 - ^-) 3 / 3 



( 2 ) 



This result was chen used to calculate the quantity 



T < 2 
A 0 ^ 

3' = 2.5 

V YS 



(3) 



If 3' was less than both the crack length and the specimen 
thickness, then the value was considered equal to K JC [Ref. 4]. 
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When the fracture toughness test failed to meet one or 
more of the criteria in Ref. 4 the specimen strength ratio, 
a nondimensional term when consistant units are used, was 
calculated as follows 
6 P 

p _ max (4) 

sb . .2 

3 ( W - a) c ys 

These ratios were also calculated for tests resulting in 
valid values. The specimen strength ratio is dependent 

on form and size of the specimen as well as material. This 
ratio can be a useful measure of the comparative fracture 
toughness of two or more materials "when the results are 
compared from specimens of the same size and form and when 
this size is sufficient that the limit load of the specimen 
is a consequence of pronounced crack extension prior to 
plastic instability" [Ref. 4], Because of the strengths and 
thicknesses of the steels tested, it was not actually desirable 
to find that a valid could be determined. The small 

thicknesses available meant that this value would be small 
and the material, therefore, not very tough if, in fact, a 
valid Xj£ were measured. Table II contains a summary of the 
fracture toughness test results. 

1 . 53150 UHC Steel as Rolled 

Table III and Figs. 21 and 22 provide a record of 
the test results for this material. A valid K IC value of 
51 MPa-m 1 ' 2 was determined for this material. Four valid 
tests were conducted with a 6.7% variation in test results, 
good reproducibility for this test. Fracture surfaces were 
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Table III 



Results of Fracture Toughness Tests 
for 53150 UKC Steel Alloy as Rolled 





Test I 


Test II 


Test III 


Test IV 


Thickness B (cm) 


0.693 


0.693 


0.693 


0.693 


Depth- V (cm) 


1.280 


1.285 


1.283 


1.283 


K^. max (MPa-m*^) 


28.03 


28.75 


28.65 


29.39 


Stress Intensity Range for 
Terminal, Crack Extension 
(MPa-m' / ~) 


25.23 


23.00 


19.10 


23.51 


Crack Length (cm) left 

center 

right 


0.59? 

0.615 

0.620 


0.617 

0.635 

0.706 


0.572 

0.584 

0.597 


0.627 

0.648 

0.630 


Crack Length (cm) left 
at Surface right 


0-554 

0.564 


0.572 

0.589 


0.536 

0.533 


0.56 4 
0.574 


Number of Cycles for Terminal 
Fatigue Crack 


58990 


111990 


14450 


6400 


Test Temperature (*C) 


21 


21 


21 


21 


Relative Humidity 










Loading /Rate in Terms of XL- 
(MPa-a^/^/s) 


0.53 


1.15 


0.96 


1.18 


Crack Plane Orientation 


T-L 


T-L 


T-L 


T-L 


Fracture Appearance 
(fraction oblique) 


.11 


.05 


.09 


.10 


Yield Strength (offset = .2%) 
(MPa) 


1041.0 


1041.0 


1041.0 


1041.0 


Xjq (M?a-m l/2 ) 


49 


50 


52 


52 


R V 
SD 


1.02 


0.97 


1.24 


1.09 


P 

max 


1.10 


1.02 


1.09 


1.08 
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Fig. 21. Graphs of 53150 UHC steel tests one and two, respec- 
tively. Both graphs are Type I records and both 
records are for valid K tests. 
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Fig. 22. Graphs of 53150 UHC steel tests three and four, 

respectively. Graph three is a Type I record and 
graph four is a Type II record. Both records are 
for valid K ^ tests. 
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very flat with only a small shear lip evident at the edges 
of the specimen and the specimen appeared to have failed in 
a brittle manner. All specimens were cut with a longitudinal 
long-transverse orientation. Three load displacement records 
were Type I records in that the load at the secant line 
intersection with the graph exceeded all the loads that pro- 
ceeded it. The fourth test was a Type II record with Pg 
preceding the secant line intersection. The reason for the 
large variation in fatigue precracking cycles from the first 
test to the other three was the difficulty in determining the 
maximum fatigue load permissible for final crack propagation. 

Once this was determined in the first test, the load was 
adjusted accordingly for the remaining tests. The average 
specimen strength ratio was 1.11. 

2 . 43150 UHC Steel as Rolled 

Table IV and Figs. 23 and 24 provide a record of the 

1/2 

test results for this material. A valid value of 46 MPa-m 

was obtained for this material. Three valid tests were conducted 

with a 7.3% variation in test results, again good reproducibility 

for this test. In addition, a fourth test (Test II) was com- 

1/2 

pleted with a Kg value of 44 MPa-m ' , but this was an invalid 

K^,., result since the maximum fatigue stress intensity during 
terminal fatigue precracking was 32% of the subsequently 
determined Kg vice the maximum permissible 60%. This was the 
result of unstable crack propagation to failure at a lower 
than anticipated load due to fatigue precrack which had extended 
deep into the material. The load displacement records were all 
Type I records . Fracture surfaces were relatively flat with 
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Table IV 



Results of Fracture Toughness Tests 
for 43150 UKC Steel Alloy as Rolled 





Test I 


Test II 


Test III 


Test IV 


Thickness 3 (cm) 


0.721 


0.721 


0.722 


0.721 


Depth V (cm) 


1.275 


1.275 


1.275 


1.273 


max (M?a-m*/ 2 ) 


25.^5 


36.03 


27.59 


26.26 


Stress Intensity Range for 
Terminal Crack Extension 
(MPa-n 1 / 2 ) 


20.36 


26.20 


22.07 


21.63 


Crack Length (cm) left 

center 

right 


0.564 

0.589 

0.594 


0.693 

0.686 

0.678 


0.610 

0.627 

0.630 


0.655 

O.663 

0.663 


Crack Length (cm) left 
at Surface right 


0.533 

0.549 


0.620 

O.638 


0.579 

O.56I 


0.612 
0 ,62jO 


Number of Cycles for Terminal 
Fatigue Crack 


15400 


76500 


11000 


9300 


Test Temperature 


22 


22 


22 


22 


Relative Humidity 










Loading Hate in Terms of H_ 

(MPa-m-/2/ s ) 


1.02 


1.31 


1.10 


1.24 


Crack Plane Orientation 


T-L 


T-L 


T-L 


T-L 


Fracture Appearance 
(fraction colic ue) 


.04 


.04 


.02 


.02 


Yield Strength (offset = .2%) 
(MPa) 


1067.2 


1067.2 


1067.2 


1067. 2 


Xjc (K?a-m l/2 ) 


47 


44 

(1) 


46 


44 


R sb 


0.86 


0.90 


0,87 


0.87 


? 

max 

p 

*Q 


1.01 


1.05 


1.02 


1.04 



NOTE: (l) Invalid LAV section 7,4.2 of ASTM 3399-78 
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Fig. 23. Graphs of 43150 UHC steel tests one and two, 

respectively. Both are Type I records. Graph one 
is a valid test record while graph two was in- 

valid due to an excessive maximum fatigue stress 
intensity . 
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Fig. 24. Graphs of 43150 UHC steel tests three and four, 
respectively. Both are Type I records- and both 
records are from valid K tests. 
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almost no shear lips in evidence. The mode of failure 
appeared to be brittle. The average specimen strength ratio 
was 0.87. The fracture toughness of this material was 10% 
below that calculated for the 53150 UHC steel. All speci- 
mens were cut with a longitudinal long-transver se orientation. 

3 . 52100 Uhc Steel as Rolled 

Table V and Figs. 25 through 28 provide a record of 
the test results for this material. It was not possible to 
determine a valid for this material because it proved to 

be too tough a material to measure this characteristic with 
the specimen thicknesses available. As is evident in Figs. 

25 through 28, the ratio of ? max / P Q is well in excess of the 
maximum value permitted by Section 9.1.2 of Ref. 4. The 
specimen thickness required for a valid test based on the 
evaluation of the parameter 



YS 

was approximately four times the thickness actually available. 
Fracture surface appearance was very different from the other 
materials examined, with almost no flat regions and several 
parallel ridges in the specimen interior running in the fracture 
direction. Each fatigue precrack region also contained one or 
more ridges. The surface condition indicated some complex mode 
of cleavage fracture. The load-displacement records were all 
Type I, but three of the four records had distinctive crack 
pop-in regions beyond the secant line intersection. In addition, 
all graphs had numerous small steps indicating that this steel 
was able to effectively resist unstable crack propagation by 
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Table V 



Results of Fracture Toughness Tests 
for 52100 UKC Steel Alloy as Rolled 





Test I 


Test II 


Test III 


Test IV 


Thickness 3 (cm) 


0.75^ 


0.744 


0.739 


0.744 


Depth W (cm) 


1.275 


1.260 


1.262 


1.270 


nax (MPa-n*' ~) 


33.07 


43.51 


45.61 


49.29 


Stress Intensity Range for 
Terminal Crack Extension 
( M?a-n i/ 2 ) 


28.35 


38.68 


40.54 


43. 81 


Crack Length (cm) left 

center 

right 


0.561 

0.579 

0.564 


0.589 

0.587 

0.554 


0.556 

0.597 

0.589 


0.612 

0.645 

0.607 


Crack Length (cn) left 

right 


0.528 

0.536 


0.518 

0.508 


O. 5 O 8 

0.511 


0.516 

0.513 


Humber of Cycles for Terminal 
Fatigue Crack 


3300 


33300 


41700 


38900 


Test Temperature ( 9 C) 


24 


24 


24 


24 


Relative Humidity 










Loading Rate in Terms of X_ 
(MPa-nl/2) 


0.95 


0.97 


1.01 


1.10 


Crack Plane Orientation 


T-L 


T-L 


T-L 


T-L 


Fracture A.ppearar.ce 
(fraction oblique) 


.20 


.25 


.18 


.21 


Yield Strength (offset = . 25 ?) 
(MPa) 


861.0 


861.0 


361.0 


861.0 


Kj C (M?a-a l/2 ) 
R . 

sb 


82 

( 1 ) 

2.40 


85 

( 2 ) 

2.64 


39 

( 1 ) 

2.43 


88 

( 1 ) 

2.55 


? 

max 

D 


1.33 


1.48 


1.26 


1.29 



NOTE: (1) Invalid IAW sections 7.1.3 and 9-1.2 of ASTM 2399-78 

(2) Invalid IAW sections 7. 1.3. 7.2.1 and 9.1.2 of ASTM 2399-78 
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Fig . 25 . 



Graph of 52100 UHC steel test one. This is a 
Type I record. The results were invalid for K . 
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rig. 27. Graph of 52100 UHC steel test three. This is a 

Type I record. The results were invalid for K . 
Crack propagation consisted of a series of 
small steps. 
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Fig. 28. Graph of 52100 UHC steel test four. This is a 

Type I record. The results were invalid for K^. 
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stopping cracks after small advances. The specimen strength 
ratio for this steel was 2.51, indicating that the material 
was over twice as tough as any other material tested, based 
on a comparison of these ratios. The variation in the 
apparent fracture toughness was 8.5% and the variation in 
the strength ratio results was 17.5%, based on four tests. 

For three of these tests the strength ratios were within 
5.6% of each other. 

4 . 52150 UHC Steel as Rolled 

Tests were conducted on material from two heats of 
this steel. Tests on five specimens from the first heat did 
not allow determination' of a valid K I( _, due to several testing 
procedural problems . Examination of the surface of four of 
the specimens after fracture revealed that the fatigue 
precracks had not extended far enough into the specimen to 
meet the ASTM standard. The fatigue stress intensity factor 
for the remaining sample, as well as three of the other 
samples, exceeded 60% of Kq . It was noted that the Kq value 
for three of the tests had only a 10% scatter but the remain- 
ing two results varied widely from the average value. The 

1/2 

apparent fracture toughness was calculated to be 51 MPa-m 

and the specimen strnegth ratio was calculated to be 1.11, 

with a scatter of 19.9%. 

Heat Two test results failed to produce a valid 

for much the same reasons as Heat One. Of the four tests 

conducted, only one result met the standard and the value 
1/2 

of 67 MPa • m ' from that test appeared much too high to be 
correct, based on all other test results for this material. 
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In any case, this value could not be accepted as valid since 

there was not a minimum of three successful tests. Two of 

the other three tests conducted failed because the fatigue 

stress intensity exceeded 60% of K^, and the remaining test 

failed because the ratio of P /P_ exceeded 1.10. The 

max Q 

average apparent fracture toughness was 54 MPa-m 1 ^ and the 
strength ratio was 1.18 with a scatter of almost 50%. In- 
sufficient test results were obtained to use the strength 
ratio with confidence. 

5 . 10150 UHC Steel as Rolled 

Although five tests were conducted on this material, 
a valid K rr was not obtained for several reasons. The speci- 
men minimum thickness requirement could not be determined 
because no tensile specimen was available to determine 
material yield strength. Thickness of test specimens was 
controlled by the available material thickness. On three of 
the five tests, the fatigue stress intensity exceeded 60% of 

K n . The apparent fracture toughness obtained from these 

1/2 

three tests was 55 M?a-m with a scatter of only 6%. The 
remaining two testis had P max / P Q ratios exceeding 1.10 and 
their Kq results varied widely from those above. The apparent 
fracture toughness noted above was the second highest among 
those steels tested. This was not too surprising as the 
strength of this steel was lower than the other steels (com- 
paring hardnesses) so toughness could be expected to be up 
somewhat. No specimen strength ratio could be calculated 
because the yield strength of the material was not known. 
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All graphs for this material were Type I records with no 
evidence of large pop-in crack propagation. 

6 . 10150 UHC Steel Annealed at 650°C 

Tests were conducted on four specimens of this material 

heat treated with a one-hour anneal at 650°C and a subsequent 

air cool to room temperature. No valid could be determined 

because, again, the yield strength of this material was not 

determined as no tensile specimens were available. All four 

tests additionally failed to meet the ASTM standard as the 

fatigue stress intensity exceeded 60% of Kq. The apparent 

fracture toughness of this material was calculated to be 
1/2 

56 MPa • m , a reduction of 10% from the as-rolled condition. 

It was not possible to compare specimen strength ratios with 
the as-rolled material as these ratios could not be determined. 
There is no provision in the literature for comparing apparent 
fracture toughness values, so no conclusions can be drawn on 
the significance of this drop in Kq in the annealed material, 
although it had been hoped that the anneal would improve this 
value . 

7 . 53150 UHC Steel Annealed at 6 50°C 

Three specimens were tested after being annealed at 
650°C for one hour and subsequently air cooled to room temper- 
ature. No valid K T{ _, could be determined since, again, K^ 
exceeded 60% of Kq . In one of the tests the P max /PQ ratio 

exceeded 1.10. The Kq value for this material dropped 17% 

1/2 

from the as-rolled K Q value of 42 MPa-m ' , with a scatter of 
10%. No could be determined because no tensile test 
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specimens were available. Although no conclusions could be 
drawn from the drop in in the annealed material, it was 
not a response that had been anticipated. 

Appendix A contains a table of specimen dimensions 
and a set of sample calculations for determining and 
for the reported 53150, 43150 and 52100 UHC steel test 
results . 



68 



IV. CONCLUSIONS 



Based on the experimental observations and results, the 
following conclusions are made: 

1. The Sherby Process has not achieved the fineness of 
microstructure for either spheroidal carbides or ferrite 
grains that had been anticipated. Since the option of 
further working the material is not available because of the 
minimum thicknesses required for ballistic testing, addition- 
al heat treatment or other processing should be considered to 
further refine the microstructure. 

2. The steels containing fewer coarse carbides, the 
52100 and 10150 UHC steels, performed better in fracture 
toughness testing than did the other steels. There was not 
sufficient data to conclude that the coarse carbides were 
the source of low toughness in these materials. 

3. The UHC steels with higher carbon content were less 
tough than those with lower carbon content among those steels 
tested. It was hoped that the Sherby Process would provide 
higher carbon steels with better fracture toughness. Addi- 
tional data is required on alloy steels in the 1.0 to 1.3 
percent range before conclusions can be drawn as to the 
relationship between fracture toughness and carbon content 
for UHC steels. 

4. Insufficient heat treatment data was generated to 
make conclusions on its effects on fracture toughness. 

5. Increasing the width of the specimens may improve 
the control over fatigue precrack propagation and result in 
a higher percentage of valid tests. 



6. Apparent fracture toughness results appeared insensi- 
tive to fatigue precrack stress intensities, which were as 
much as 15% over the standard maximum of 60% of K . 

7 . Fracture toughness performance was poor for all UHC 
steels tested, with the exception of 52100 UHC steel. On- 
going study should place emphasis on this steel because of 
its availability, established manufacturing process and 
reasonable cost. This study should include examining 
various heat treatments and their ability to further refine 
the micro structure when combined with the Sherby Process. 

This material's combination of strength and toughness makes 
it a desirable alternative for many applications such as 
armor and bearing usage. 
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APPENDIX A 



TABLE VI 



Specimen 


Span S 


Width W 


Thickness B 


Crack Length a 




cm 


cm 


cm 


cm 



53150 



Test 


I 


5.080 


1.280 


0.639 


0.612 


Test 


II 


5. 080 


1.285 


0.721 


0.627 


Test 


III 


5. 081 


1.283 


0.732 


0.635 


Test 


IV 


5. 080 


1.283 


0.721 


0.635 


43150 


Test 


I 


5- 081 


1.275 


0.693 


0.584 


Test 


II 


5. 081 


1.275 


0.693 


0.686 


Test 


III 


5. 080 


1.275 


0.693 


0.622 


Test 


IV 


5. 080 


1.273 


0.693 


0.660 


52100 


Test 


7 


5-079 


1.275 


0.754 


0.569 


Test 


11 


5. 080 


1.275 


0.744. 


0.559 


Test 


hi 


5. 081 


1.262 


0.739 


0.582 


Test 


IV 


5. 080 


1.270 


0.744 


0.622 



Sample Calculations: 



52150 Test I Apparent Fracture Toughness 




K _ (3.894 XN) ( 5 . 08 cm) 

3 ' (0.693 cm) (l. 280 cm) 3//£ 

K 0 = (19.71 MPa n 1/2 )(2.L9) 

X-, = 49 MPa ra 1//2 



Reference 4 provides tabulated values 
crack length/width ratics. 

Specimen Strength Ratio 




for f (|)for the 



valid range of 



6 • ? -V 
_ max 

p sb - 

3(V - a; 

R = 6(4272 N) ( 1,250 cm) (1 cm^) 

(0.721 can) (1.280 cm - 0.612 cm) 2 (951.4 MPa)(lO -4 m 2 ) 

R - =1.02 
so 
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